Iridium meso-tetratolylporphyrinato (TTP) mono-and bis-diaminocarbene complexes, [Ir(TTP)[═C(NHBn)(NHR)]2-x(C≡NBn)x]BF4, where R = Bn, n-Bu and x = 1, 0, were synthesized by nucleophilic addition of amines to the bis-isocyanide complex [Ir(TTP)(C≡NBn)2]BF4. Rhodium and iridium porphyrinato N-heterocyclic carbene (NHC) complexes M(TTP)CH3(NHC), where NHC = 1,3-diethylimidazolylidene (deim) or 1-(n-butyl)-3-methylimidazolylidene (bmim), were prepared by the addition of the free NHC to M(TTP)CH3. The NHC complexes displayed two dynamic processes by variable-temperature NMR: meso-aryl-porphyrin C-C bond rotation and NHC exchange. mesoAryl-porphyrin C-C bond rotation was exhibited by both rhodium and iridium complexes at temperatures ranging between 239 and 325 K. Coalescence data for four different complexes revealed ΔG⧧ROT values of 59 ± 2 to 63 ± 1 kJ·mol-1. These relatively low rotation barriers may result from ruffling distortions in the porphyrin core, which were observed in the molecular structures of the rhodium and iridium bmim complexes. Examination of NHC exchange with rhodium complexes by NMR line-shape analyses revealed rate constants of 3.72 ± 0.04 to 32 ± 6 s-1 for deim displacement by bmim (forward reaction) and 2.7 ± 0.4 to 18 ± 2 s-1 for bmim displacement by deim (reverse reaction) at temperatures between 282 and 295 K, corresponding to ΔGf⧧ of 65.2 ± 0.6 kJ·mol-1 and ΔGr⧧ of 66.2 ± 0.5 kJ·mol-1, respectively. Rates of NHC exchange with iridium were far slower, with first-order dissociation rate constants of (1.75 ± 0.04) × 10-4 s-1 for the forward reaction and (1.2 ± 0.1) × 10-4 s-1 for the reverse reaction at 297.1 K. These rate constants correspond to ΔG⧧ values of 94.2 ± 0.6 and 95.2 ± 0.2 kJ·mol-1 for the forward and reverse reactions, respectively. Equilibrium constants for the exchange reactions were 1.6 ± 0.2 with rhodium and 1.56 ± 0.04 with iridium, favoring the bmim complex in both cases, and the log(K) values for NHC binding to M(TTP)CH3 were 4.5 ± 0.3 (M = Rh) and 5.4 ± 0.5 (M = Ir), as determined by spectrophotometric titrations at 23 °C. The molecular structures also featured unusually long metal-Ccarbene bonds for the bmim complexes (Rh-CNHC: 2.255(3) Å and Ir-CNHC: 2.194(4) Å). The NHC complexes displayed two dynamic processes by variabletemperature NMR: meso-aryl−porphyrin C−C bond rotation and NHC exchange. meso-Aryl−porphyrin C−C bond rotation was exhibited by both rhodium and iridium complexes at temperatures ranging between 239 and 325 K. Coalescence data for four different complexes revealed ΔG ⧧
■ INTRODUCTION
Metalloporphyrin complexes containing Fe, Ru, Os, Co, Rh, and Ir are useful catalysts for carbene transfer reactions including cyclopropanation, X−H insertion (X = C, N, O, and S), and ylide-forming reactions. 1 Particularly noteworthy are the dramatic reactivity differences displayed among the group 9 metalloporphyrin catalysts. For example, cyclopropanation of electron-deficient olefins is achieved with remarkable efficiency using cobalt(II) porphyrin catalysts, whereas yields with the other group 9 metalloporphyrin catalysts are modest. 2, 3 This reactivity trend can be explained by examining the intermediate species. While cobalt(II) catalysts appear to form relatively nucleophilic radical carbene complexes, 4−6 d 6 rhodium and iridium porphyrin catalysts are believed to form traditional electrophilic Fischer-type carbene complexes. Despite this similarity, however, rhodium and iridium catalysts also display notably divergent reactivity patterns. Rhodium porphyrins catalyze cyclopropanation and C−H insertion reactions with rare selectivity for cis cyclopropanes and primary insertion products, respectively. In addition, rhodium-catalyzed cyclopropanations are tolerant to sterically hindered di-and trisubstituted olefins, but reactions with rhodium catalysts often require higher reaction temperatures to achieve practical rates. 7−12 Although iridium complexes do not induce remarkable diastereo-or regioselectivity, they are extremely reactive and robust, generating cyclopropanation products rapidly at −78°C with turnover numbers on the order of 10 5 . 13 This dissimilarity in reactivity is particularly evident in N−H insertion reactions, where tetratolylporphyrinato methyliridium, Ir(TTP)CH 3 , rapidly catalyzed product formation under mild conditions and methylrhodium tetratolylporphyrinato, Rh(TTP)CH 3 , failed to generate products at refluxing temperatures.
14 Additional insight into these reactivity differences may be achieved by further examination of rhodium and iridium porphyrin carbene complexes.
Rhodium and iridium porphyrin carbene complexes derived from alkyl diazoacetate compounds were observed spectro-scopically, 15 , 16 but have not been successfully isolated in pure form. The only group 9 metalloporphyrin carbene complex that has been isolated and structurally characterized by single-crystal X-ray analysis is a rhodium diaminocarbene complex, [Rh-(TTP) [C(NHBn) 2 ](CNBn)]PF 6 , (1), which was synthesized via nucleophilic addition of benzylamine to bis-(benzylisocyanide)(tetraphenylporphyrinato)rhodium(III) hexafluorophosphate (Scheme 1). 17 Although applications of complex 1 appear limited, this study demonstrated that diaminocarbene and the related N-heterocyclic carbene (NHC) complexes are relatively robust, making them useful models for metalloporphyrin-carbene studies. Accordingly, the work herein describes the synthesis, characterization, and structural comparison of new rhodium and iridium porphyrin diaminocarbene and NHC complexes.
■ RESULTS
Synthesis and Characterization of Diaminocarbene
Complexes. An iridium diaminocarbene complex was synthesized using a synthetic route similar to that described previously for Rh complex 1 (Scheme 2). 17, 18 Treating Ir(TTP)Cl(CO) with silver tetrafluoroborate followed by excess benzylisocyanide led to the formation of the bis-(isocyanide) iridium complex [Ir(TTP)(CNBn) 2 ]BF 4 (2) , which was isolated in 61% yield after recrystallization. Complex 2 was characterized by 1 H NMR, 13 C NMR, and IR spectroscopy. New 1 H NMR signals observed at 6.98 (t, 2H, p-H), 6.79 (t, 4H, m-H), 4.80 (d, 4H, o-H), and 2.65 (s, 4H, CH 2 ) ppm were assigned to the isocyanide ligands. Significant upfield shifts, especially for the ortho and meta protons, were due to the porphyrin ring current effect. Coordination to iridium also caused a shift in the CN bond IR stretching mode from 2151 cm −1 for the free isocyanide to 2228 cm −1 , indicating that the bound isocyanide is susceptible to nucleophilic attack. 19 This stretching frequency is similar to that of Rh(TTP)(CNBn) 2 (PF 6 ) found at 2248 cm Single-crystal X-ray diffraction revealed that complex 2 crystallized in the C2/c space group with half of the molecule in the asymmetric unit ( Figure 1 ). Iridium was coordinated in a nearly ideal octahedral environment (Table S4 ; Supporting Information), and the porphyrin ring displayed very little distortion from planarity (vide inf ra). However, complex 2 displayed axial ligand disorder through a mirror plane, which required the atomic positions for the axial ligands to be approximated.
Nucleophilic addition to one of the coordinated isocyanide carbon atoms with benzylamine afforded the target diamino- . Complex 3 crystallized in a C-centered monoclinic unit cell in the C2/c space group with a half of the molecule in the asymmetric unit ( Figure 2 ). Similar to complex 2, the axial ligands were disordered through symmetry, and the interatomic distances in those groups were constrained. Iridium inhabited a nearly ideal octahedral environment, and the porphyrin core was planar with very little distortion (vide inf ra). The 2218 cm −1 CN stretching band for complex 3 suggested that the remaining coordinated isocyanide is also susceptible to nucleophilic attack. Indeed, addition of benzylamine to complex 2 or 3 produced bis(diaminocarbene) complex [Ir(TTP){C(NHBn) 2 } 2 ] 2 BF 4 , 4a. Excess amine (∼10 equiv) was required for the reaction to proceed at a practical rate; attempts with less than 5 equiv of benzylamine gave trace product formation in 24 h. The formation of complex 4a was established on the basis of its 1 4 (4b), derived from the addition of excess nbutylamine to the bis(isocyanide) complex 2 was isolated and examined by X-ray diffraction (Supporting Information). This structure confirmed the formation of bis(diaminocarbene) complex 4b, but the axial ligands were disordered through symmetry, prohibiting a thorough metrical analysis of the axial atomic positions. Nevertheless, the structure of the porphyrin core was well-defined and exhibited significant ruffling and saddling deformations (vide inf ra).
Synthesis and Characterization of NHC Complexes. Extensive comparisons of rhodium and iridium porphyrin diaminocarbene complexes are limited by the disorder in the iridium molecular structures. To find a more suitable basis for comparison, focus was shifted to complexes bearing NHC ligands 1,3-diethylimidazolylidiene (deim) and 1-(n-butyl)-3-methylimidazolylidene (bmim). The free NHC ligands were synthesized by deprotonation of the corresponding imidazolium salt as reported by Arduengo et al. 21 NHC complexes (NHC)M(TTP)CH 3 (5a, M = Rh, NHC = deim; 5b, M = Rh, NHC = bmim; 6a, M = Ir, NHC = deim; 6b, M = Ir, NHC = bmim) were synthesized by treating the respective metalloporphyrins with a slight excess of the free NHC (Scheme 3).
In all cases, conversion of the metalloporphyrin was nearly quantitative, as indicated by the formation of one major β-pyrrole porphyrin signal in the 1 H NMR spectrum of the reaction mixture. Pure samples were isolated by recrystallization from THF/hexanes and characterized by absorption spectroscopy, NMR spectroscopy, and X-ray diffraction studies. Compounds 5a,b and 6a,b were moisture sensitive, especially in solution, generating M(TTP)CH 3 (M = Rh, Ir) along with an imidazolium salt upon exposure to water. Although cobalt(III) porphyrin NHC complexes were isolated previously, 22 complexes 5a,b and 6a,b serve as the first reported rhodium or iridium porphyrin NHC complexes.
Spectroscopic changes accompanied the coordination of the free NHC to M(TTP)CH 3 , producing an immediate color change from orange-red to a dark greenish-brown. The resulting absorption spectra displayed "split Soret" bands characteristic of hyperporphyrins at 374 and 444 nm for the rhodium NHC complexes and at 370 and 438 nm for the iridium NHC complexes (Figure 3) . 23 Similar hyper spectra were observed previously with the diazoacetate chemistry of iridium porphyrin complexes, including the metal−carbene and metal−ylide intermediates detected in Ir(TTP)CH 3 -catalyzed C−H insertion and N−H insertion reactions, respectively. 14, 15, 24 In contrast, the diaminocarbene complexes of rhodium (1) and iridium (3 and 4) did not display hyper spectra, suggesting that NHC complexes 5 and 6 provide a better model for the electronic structure of metal−carbene intermediates involved in catalysis than do the diaminocarbene complexes. 26 A similar phenomenon may be responsible for the hyper spectra displayed here.
The 1 H NMR spectra of 5a,b and 6a,b displayed signals corresponding to the coordinated NHCs in the region of 5.3− 5.1 ppm for the vinylic protons and 0.5 to −0.6 ppm for the aliphatic protons. These signals were upfield shifted 1−5 ppm relative to those of the free NHC. Coordination of the NHC also caused a significant upfield shift in the trans-methyl resonances. The trans-methyl shifted from −6.56 ppm to −7.44 and −7.38 ppm for rhodium NHC complexes (5a and 5b, respectively) and from −7.01 ppm to −8.03 and −7.94 ppm for the iridium NHC complexes (6a and 6b, respectively). In contrast, the trans-methyl signal of Ir(TTP)CH 3 (C(Ph)-CO 2 Me) shifted downfield to −4.8 ppm.
15 The 13 C NMR spectra for complexes 5a, 5b, 6a, and 6b exhibited carbene α-carbon signals at 179.98, 181.84, 164.33, and 164.86 ppm, respectively. These values are reasonable based on previously reported rhodium and iridium NHC complexes; carbene α-carbon signals for RhCl(η C NMR signals did not seem to be affected substantially by the porphyrin ring current effect.
Variable-Temperature NMR Analysis. At ambient temperature, complexes 5a,b and 6a,b displayed several broad NMR resonances. Further examination by variable-temperature NMR revealed multiple dynamic processes. At 302.6 K, signals corresponding to the ortho and meta protons on the meso-tolyl substituents appeared as two doublets at ca. 7.9 and 7.5 ppm, respectively. Decreasing the temperature split each of these signals in a range that was most evident for the ortho protons ( Figure 4 ). Of the dynamic processes that have been identified for porphyrin complexes including N−H tautomerism, macrocyclic inversion, and substituent−porphyrin rotation, 30 the behavior exhibited here is most consistent with meso-aryl rotation. Activation energies for meso-aryl rotation (ΔG ⧧ ROT ) were determined to be 59 ± 2 to 63 ± 1 kJ·mol −1 by NMR coalescence data (Table 1) , which are within the previously established range of 40−78 kJ·mol −1 for metalloporphyrins. 31−33 Dynamic meso-aryl−porphyrin C−C bond rotation was observed previously in several metalloporphyrin complexes, including those with Ti, Ru, Ni, Zn, In, and Bi. 31−33 Although aryl−porphyrin rotation has not been reported in rhodium or iridium porphyrin complexes, a study with ruthenium porphyrins measured relatively high barriers for meso-aryl rotation at 72−78 kJ·mol −1 . 33 High rotation barriers are expected with relatively planar metalloporphyrins, which is usually the case with platinum group metals. Indeed, most axially asymmetric rhodium and iridium complexes typically display sharp inequivalent ortho proton signals at ambient temperature, implying that the activation energies for rotation are greater than 70 kJ·mol . Thus, it is remarkable that NHC coordination lowers the barrier for aryl rotation to 59−63 kJ· mol −1 , especially considering that the nature of the axial ligand is not believed to have a significant impact on meso-aryl− porphyrin C−C bond rotation. 33 More intriguing is that coordination with acyclic diaminocarbenes as in complexes 3 and 4 does not appear to lower the rotation barrier below 70 kJ· mol −1 . A reasonable explanation is that the low rotation barriers for complexes 5a,b and 6a,b result from deformations in the 
porphyrin ring, which are caused by coordination with bulky NHC ligands (vide inf ra).
34,35
A second dynamic process was observed for rhodium complexes 5a and 5b. At 302.6 K, spectra of these complexes featured broad resonances for the NHC and the trans methyl protons. As the temperature was decreased to 239.0 K, these signals sharpened considerably ( Figure 5 ), suggesting that NHC binding was fluxional and exchange was rapid on the NMR time scale. Iridium complexes 6a and 6b did not display rapid NHC fluxional behavior at temperatures ranging from 239.0 to 324.9 K, and decomposition became significant at temperatures above 325 K, prohibiting high-temperature studies.
Kinetic Analysis of NHC Exchange. Fluxional NHC binding was further established by examining NHC exchange reactions. In the initial studies, deim complexes 5a and 6a were treated with bmim, and NHC exchange (eq 1) was monitored by 1 H NMR. The ratio of M(TTP)CH 3 (deim) to M(TTP)-CH 3 (bmim) was determined by proton integration of the cleanly separated trans methyl proton signals. At 260 K, signals for the rhodium complexes resonated at −7.43 ppm (5a) and −7.36 ppm (5b), and those for the iridium complexes appeared at −8.00 ppm (6a) and −7.92 ppm (6b). NHC exchange was observed for all complexes, but the rates of exchange were dramatically different for Rh versus Ir. For a mixture of 5a and 5b produced by combining Rh(TTP)CH 3 (18 μmol), deim (32 μmol), and bmim (39 μmol), the coordinated NHC signals were broad and unresolved at 303 K. Cooling the sample to 249 K produced sharp Rh-CH 3 signals, with integrations that indicated the sample contained a mixture of 5a and 5b in a ratio of 1:1.7. This ratio did not change after repeated cycles of heating and cooling, demonstrating that the sample had reached equilibrium before the initial cooling that took place within 5 min of mixing. Rate constants for NHC exchange, under conditions with a ca. 10-fold excess of both bmim and deim, were calculated by line shape analysis using the slow exchange approximation at temperatures between 282 and 295 K ( Figure S29 ; Supporting Information). Using the reaction direction defined in eq 1, rate constants for the forward reaction ranged between 3.72 ± 0.04 s −1 (282 K) and 31 ± 6 s −1 (295 K), corresponding to a ΔG f ⧧ of 65.2 ± 0.6 kJ·mol −1 . Rate constants for the reverse reaction were 2.7 ± 0.4 s −1 (282 K) to 18 ± 2 s −1 (295 K), and ΔG r ⧧ was 66.2 ± 0.5 kJ·mol −1 . Although these activation barriers are unresolved within the error limits, the equilibrium constant at these temperatures was 1.6 ± 0.2, verifying that k f is indeed greater than k r . Rate constants were similar under a variety of different NHC concentrations, indicating that these first-order rate constants are representative of rate-limiting ligand dissociation. As expected for this rate-limiting step, the pentacoordinate intermediate Rh(TTP)CH 3 was not observed under these conditions.
NHC exchange with Ir(TTP)CH 3 was much slower. Preliminary kinetics experiments under saturated, reversible conditions demonstrated that the system was well behaved (Supporting Information). First-order rate constants for NHC exchange were determined by initial rate kinetics under pseudoirreversible conditions, which were created with ca. 1 equiv of the dissociating NHC (NHC d ) and a large excess of the incoming NHC (NHC i ) (Scheme 4). A steady-state approximation was applicable since the pentacoordinate intermediate was not present in observable amounts. Under these pseudoirreversible conditions, the steady-state approximation follows the limiting case where k 2 ≫ k −1 . Thus, the reaction rate depended only on the rate constant for NHC dissociation (k 1 ) and the concentration of the starting iridium NHC complex (eqs S5 and S6, Supporting Information).
The first series of kinetics reactions examined the exchange of deim in complex 6a with bmim as NHC i at 297. , representing the rate constant of dissociation for the forward reaction (k 1f ). The same treatment for the reverse reaction starting with Ir(TTP)-CH 3 (bmim) gave a dissociation rate constant for the reverse , respectively, which are much higher than the ΔG ⧧ values observed for NHC exchange with rhodium (65.1 and 66.1 kJ·mol −1 ). Overall, the rate of NHC exchange is much slower for iridium than for rhodium, consistent with previously reported solvent exchange reactions using water, acetonitrile, and dimethyl sulfoxide.
36−38
Determination of Equilibrium Binding Constants. Equilibrium binding constants for NHC coordination to M(TTP)CH 3 were determined using a UV/vis titration method similar to that reported previously (Table 2 ). 14, 24 Binding constants were nearly an order of magnitude smaller with Rh(TTP)CH 3 compared to Ir(TTP)CH 3 and, in both cases, were the same for deim and bmim within error. However, considering the relative equilibrium constants determined during kinetics studies (vide supra), the binding constant with bmim is expected to be slightly larger than that with deim. These equilibrium binding constants are reasonable compared to previous binding studies with rhodium and iridium porphyrin complexes. 24, 39, 40 Values for log(K) ranged between 1.6 and 8.2 for various L-type ligands. In particular, binding constants found for the coordination of PPh 3 , N-methylimidazole (N-MeIm), and CO with Ir(OEP)C 3 H 7 were within an order of magnitude to the values observed for NHC ligands. In contrast, the binding constant previously reported for Rh-(OEP)CH 3 and PPh 3 was an order of magnitude lower than those with Rh(TTP)CH 3 and NHC ligands.
Structural Analysis. Structures of (bmim)M(TTP)CH 3 complexes 5b and 6b were determined unambiguously by single-crystal X-ray diffraction (Figures 6 and 7) . Both complexes crystallized in the P1̅ space group, a triclinic unit cell, and displayed distorted octahedral geometry about the metal center. Selected bond distances and angles are listed in Table 3 . Complexes 5b and 6b featured very long metal− C α-carbene bonds at 2.255(3) and 2.194(4) Å, respectively, representative of nearly pure σ-bonding character. 41−43 These M−C α-carbene bonds are longer than any of those previously reported for rhodium or iridium NHC complexes, where the M−C α-carbene bond length ranges from 1.919 to 2.122 Å. 43−47 Moreover, the (TTP)Rh−C α-carbene bond in 5b is notably longer than that for the iridium analogue, 6b, which in conjunction with equilibrium binding constants and the kinetics of NHC exchange, suggests that the rhodium NHC complex 5b is at a higher relative potential energy than the iridium NHC complex 6b.
13,48
The results reported here provide additional insight for trends observed in metalloporphyrin-catalyzed cyclopropanation reactions. Cyclopropanation is believed to proceed through metal carbene intermediates with the product-forming step being carbene transfer to an olefin substrate. Indirect analysis of the carbene transfer step using secondary kinetic isotope effects suggested that rhodium catalysts involved earlier transition states than those observed with iridium and iron analogues; 43 an inverse secondary isotope effect was observed for iridium but not for rhodium. 13 The longer Rh−C α-carbene bond in NHC complex 5b and a higher potential energy of the rhodium carbene complex, relative to the iridium analogue 6b, are consistent with an earlier transition state model for Rh porphyrin catalysts and are in accord with the reactivity differences reported for Ir-and Rh-catalyzed cyclopropanation reactions.
M−C bond distances for the trans methyl ligands of 5b and 6b were 2.068(3) and 2.097(4) Å, respectively. These bonds were significantly longer than those of the pentacoordinate complexes Rh(TPP)CH 3 (1.968(12) Å) and Ir(TTP)CH 3 · H 2 O (2.059(11) Å), demonstrating the strong trans influence of the carbene ligand. 49, 50 In addition, multiple structural deformations were observed in complexes 5b and 6b. Distortion in the bonding angle of the NHC ligand is described by pitch (out-of-plane tilting, relative to the imidazolylidene plane) and yaw (in-plane tilting) angles (Figure 8) . 51 While both complexes display a trivial yaw angle (<1°), the pitch angle was 7.9°in 5b and 6.4°in 6b. This distortion may result from steric interactions with the porphyrin, as pitch angles up to 23°have been reported with other sterically hindered NHC complexes. 52, 53 Considerable distortion was also observed in the porphyrin ligand. Deformations of the porphyrin core are quantitatively described using the normal-coordinate structural Table 4 . Analogous to previously reported cobalt porphyrin NHC complexes, 22 5b and 6b displayed substantial out-of-plane distortions primarily in the ruffling mode (B 1u ). Similar deformations were observed with the bisdiaminocarbene complex 4b, albeit with a larger displacement in the saddling mode (B 2u Porphyrin deformations are ubiquitous in natural and synthetic systems, 56 and systematic analysis of heme complexes demonstrated that coordination with π-accepting ligands especially increases deformation in the ruffling mode. 57 Multiple studies have examined the importance of ring distortion on enzyme catalysis.
58−60 A recent study examined the effect of ruffling and doming deformations on the N 4 cavity of the porphyrin. 61 While doming expands the cavity, ruffling contracts it, resulting in up to a 24 nm red shift in the Soret band of the porphyrin. Such a shifting is consistent with the 444 and 438 nm Soret bands for complexes 5b and 6b, respectively (vide supra). Furthermore, the N 4 cavity contraction was suggested to increase the electron cloud density of a complexed metal ion, which was suggested to drive the formation of higher valent iron species. 62 While it is unclear how these factors influence catalysis, the present and previous studies indicate that significant deformations are present during carbene transfer. For example, DFT optimization of a species that is active for carbene transfer, Ir(TTP)CH 3 (C(Ph)CO 2 CH 3 ), revealed notable porphyrin distortion in the ruffling (−0.4513) and doming (−0.2309) modes, with an overall D oop of 0.5154. 15 Medforth et al. previously proposed a deformability model, which suggests that the barrier for meso-aryl−porphyrin C−C bond rotation lowers upon increased ruffling of the metalloporphyrin. 31 Rotation barriers and NSD data for NHC complexes 5b and 6b are consistent with this model. However, given the similar displacements in the B 1u ruffling mode, it is surprising that bis-diaminocarbene complex 4b does not show dynamic meso-aryl−porphyrin C−C bond rotation in the temperature range between 243 and 323 K. Complex 4b displays slightly more saddling, but previous studies suggest that increasing deformations in the B 2u saddling mode does not have a large impact on the meso group rotation barrier. 31 Perhaps added steric bulk from the bis-diaminocarbene ligands relative to the NHCs raises the rotation barrier. The relationship between meso group rotation barriers and aryl− porphyrin C−C bond distances were also considered. Aryl− porphyrin C−C bond lengths for complexes 5b and 6b ranged from 1.491(5) to 1.506(7) Å. These bond distances are experimentally identical to those in other metalloporphyrin complexes, including 2 and 4b (1.487(6)−1.501(7) Å), which did exhibit dynamic aryl−porphyrin C−C bond rotation (ΔG ⧧ ROT > 70 kJ·mol −1 ). Thus, the low ΔG ⧧ ROT values displayed by complex 5 and 6 cannot be explained by aryl− porphyrin C−C bond lengths.
■ CONCLUSION
Several metalloporphyrin diaminocarbene and NHC complexes were prepared and characterized. Iridium diaminocarbene complexes 3 and 4 were synthesized by nucleophilic addition of an amine to the bis-isocyanide complex [Ir(TTP)(C NBn) 2 ](BF 4 ). Characterization data for 3 are similar to thse for the previously reported rhodium diaminocarbene complexes, [Rh(por)(C(NHBn) 2 )(CNBn)](PF 6 ). However, axial ligand disorder in the crystal structures of 3 and 4b prohibited a thorough metrical comparison. More direct comparisons were observed between rhodium and iridium NHC complexes. Equilibrium binding constants and ligand exchange rate constants demonstrated that NHCs were bound more strongly to iridium than rhodium. This was further established by examining metal−C α-carbene bond lengths, which revealed that the rhodium−C α-carbene bond was ca. 0.06 Å longer than the iridium−C α-carbene bond. These data are consistent with the transition-state model proposed for rhodium porphyrincatalyzed cyclopropanation, where the selectivity of rhodium catalysts was proposed to arise from a relatively high energy rhodium−carbene complex, leading to an earlier transition state for carbene transfer. In addition, isolated NHC complexes exhibited significant porphyrin ring distortions. As has been shown repeatedly in biological systems, porphyrin distortion plays an important role in catalysis and should be considered for the continuing development of synthetic metalloporphyrin catalysts.
■ EXPERIMENTAL SECTION
General Considerations. Literature procedures were used to synthesize 1,3-diethylimidazolylidiene and 1-(n-butyl)-3-methylimidazolylidene. 21 Attempts to purify deim and bmim by distillation decomposed the free NHC. Crude samples of deim and bmim were dissolved in a known volume of THF and stored in the freezer. Stocksolution concentrations were in the range 0.10 to 0.50 M. Ir(TTP)Cl(CO) was generated by a known procedure for metalation of H 2 TTP. 63 Rh(TTP)CH 3 and Ir(TTP)CH 3 were synthesized similarly using previously described methods for reductive alkylation of the corresponding metal halogenato porphyrin complex. 64 Methylene chloride and tetrahydrofuran were deoxygenated and dried by passage through columns of reduced copper and alumina. Hexanes and benzene-d 6 were dried over sieves, deoxygenated by successive freeze−pump−thaw cycles, and passed through a plug of activated alumina in the glovebox. All other chemicals were purchased as reagent grade and used without further purification. General NMR spectra were collected using Bruker DRX 400 MHz and AVIII 600 MHz spectrometers. Carbene 13 C signals for the NHC complexes were verified with a 700 MHz instrument equipped with a cryoprobe. Variable-temperature and kinetics studies were done using the Bruker DRX 400 MHz spectrometer; the temperature gauge was calibrated by chemical shift analysis of methanol and ethylene glycol.
1 H and 13 C NMR peak positions were referenced against residual proton resonances of deuterated solvents (δ, ppm: CDCl 3 , 7.26 and 77.16; THF, 3.58 and 67.57; C 6 D 6 , 7.16). Absorption spectra were collected using a Hewlett-Packard/Agilent Technologies 8453 UV−vis spectrophotometer. Elemental analyses were performed by Iowa State University Instrument Services. Although hotter, longer combustion conditions were used, carbon analyses were often low. For metalloporphyrin complexes, this is likely due to the formation of metal carbides during combustion. 65 X-ray Single-Crystal Structure Determination. The crystal evaluation and data collection were performed at 173 K on a Bruker APEX II CCD diffractometer using Mo Kα radiation (λ = 0.71073 Å). Full-sphere data with 0.3°frame width were collected until a resolution of 0.74 Å. The absorption correction was based on a fit of a spherical harmonic function to the empirical transmission surface as sampled by multiple equivalent measurements. 66 Structures were solved using direct methods and were refined using a full-matrix anisotropic approximation for all non-hydrogen atoms. All hydrogen atoms were placed in the structure factor calculation at idealized positions and refined using a "riding model". The U iso (H) values were set at 1.5 times the U eq value of the carrier atom. All calculations were performed using the APEX II software package. 67 Absorption and NMR spectra of complexes 2, 3, 5, and 6, variable-temperature NMR spectra, spectra for NHC exchange with Rh(TTP)CH 3 , kinetics data, structure refinement data, and crystal data. This material is available free of charge via the Internet at http://pubs.acs.org.
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